[1] Paleomagnetic results from globally distributed lava flows have been collected and analyzed under the timeaveraged field initiative (TAFI), a multi-institutional collaboration started in 1996 and designed to improve the geographic and temporal coverage of the 0-5 Ma paleomagnetic database for studying both the time-averaged field and its very long-term secular variations. Paleomagnetic samples were collected from 35 volcanic units, either lava flows or ignimbrites, in Costa Rica in December 1998 and February 2000 from the Cordilleras Central and Guanacaste, the underlying Canas, Liberia and Bagaces formations and from Volcano Arenal. Age estimates range from approximately 40 ka to slightly over 6 Ma. Although initial results from these sites were used in a global synthesis of TAFI data by Johnson et al. (2008) , a full description of methodology was not presented. This paper documents the definitive collection of results comprising 28 paleomagnetic directions (24 normal, 4 reversed), with enhanced precision and new geological interpretations, adding two paleointensity estimates and 19 correlated 40 Ar/ 39 Ar radiometric ages. The average field direction is consistent with that of a geocentric axial dipole and dispersion of virtual geomagnetic poles (17.3 6 4.6 ) is in general agreement with predictions from several statistical paleosecular variation models. Paleointensity estimates from two sites give an average field strength of 26.3 T and a virtual axial dipole moment of 65 ZAm 2 . The definitive results provide a useful augmentation of the global database for the longer term goal of developing new statistical descriptions of paleomagnetic field behavior.
Introduction
[2] The behavior of the ancient geomagnetic field can be characterized by looking at discrete magnetic directions and intensities obtained from lava flows and sediments over the last 10 4 to 10 6 years. Volcanic rocks play an especially important role in determining the average structure and variability of the geomagnetic field, since the age of individual volcanic units can be determined using radiometric dating methods. Several global compilations of paleomagnetic directions from lava flows and thin dikes [e.g., McElhinny and Merrill, 1975; Lee, 1983; Johnson et al., 2008] have been used to derive models of the time-averaged field (TAF) [e.g., Johnson and Constable, 1995; McElhinny et al., 1996] and statistical descriptions of its paleosecular variation (PSV) [e.g., Constable and Parker, 1988; Hulot and Le Mouel, 1994; McElhinny and McFadden, 1997; Tauxe and Kent, 2004] for the time period 0-5 Ma.
[3] Accurate descriptions of geomagnetic field structures require global data sets of high-quality paleomagnetic data with good temporal distribution and spatial coverage. Most TAF and PSV models have focused on the past 5 My because the volume of accessible geological materials diminishes with age and the effects of plate motion are well documented for this time period. The global data compilations often suffer from limited geographical coverage, inadequate or poorly documented temporal sampling, or poor data quality. Sixteen years ago, McElhinny and McFadden [1997] reported that only 12% of directional sites (440 out of 3719) met the modern paleomagnetic laboratory standards defined as a demagnetization code (DC) of 4 by McElhinny et al. [1996] . In the mid-1990s, the multi-institutional time-averaged field initiative (TAFI) was developed to improve geographic and temporal coverage of the paleomagnetic database by expanding the existing data set and reexamining some paleomagnetic locations with modern laboratory methods.
[4] Costa Rica was an original target of the TAFI project because of the paucity of data from lowlatitude and equatorial regions. Researchers at Scripps Institution of Oceanography (SIO) conducted two field trips to Costa Rica in 1998 and 2000, collecting samples from 35 lava flows. A table of preliminary directional results from Costa Rica was published by Johnson et al. [2008] as part of a compilation of TAFI data and other regional paleodirectional studies. However, there remained room for improvement in the data quality. The results published in Johnson et al. [2008] are nearly complete in a paleomagnetic sense, but lack detail in the geologic interpretation of the sampled lava flows. Several sites from the initial Costa Rica results failed to pass site selection criteria set by Johnson et al. [2008] , because of an insufficient number of successfully demagnetized samples per site (nn ! 5 was specified), or because of insufficient precision in the average site direction (a within site Fisher precision statistic of k w ! 50 was required). Many samples were not fully demagnetized and Thellier-Thellier experiments were incomplete or not performed on some sites. In this study, we improve the reliability of the results, performing additional paleodirectional and paleointensity experiments as needed, and bringing all previous experiments to completion. We ensured that all characteristic magnetization directions and intensities were interpreted in a consistent manner so that more sites are acceptable for later TAF and PSV analyses. We determined new geological interpretations for several lava flows and increased the overall number of statistically acceptable samples and sites.
[5] In the following sections, we present the geologic context for Costa Rica and our sampled lava flows, and we detail the experimental methods used for 40 Ar/
39
Ar radiometric dating, paleodirections, and paleointensity. The main paleomagnetic outcomes do not change significantly from Johnson et al. [2008] , but the Costa Rica data set is now comprehensive due to the methodology and interpretations presented in this manuscript.
Geology and Sampling
[6] Costa Rica lies between Nicaragua and Panama in the southern part of Central America (Figure 1) , where volcanic activity has occurred over a broad area as the Central American volcanic arc (CAVA) evolved over at least the past 24 Ma. The magmatism has been strongly episodic and regionally variable in part related to the complicated subduction of the Cocos plate beneath the Caribbean plate. Gans et al. [2002] Zimmer et al., 2004] studies have contributed to evolving views of the region, but prior to 1998 there was no paleomagnetic study of 0-5 Ma lava flows. The terrain in Costa Rica is dominated by the continental divide, with a series of mountain ranges (roughly from northwest to southeast they are Cordillera Guanacaste, Cordillera Tilar an, Cordillera Central, and the Cordillera Talamanca in the southern part of the country) separating the Pacific and Caribbean watersheds. Modern composite volcanoes (those active today include Rincon de la Vieja, Arenal, Platanar, Po as, Barva, Miravalles, Iraz u, and Turrialba) have mainly been built during two recent peaks in volcanism (0.4-0.6 and <0.1 Ma) and are superimposed on older volcanic formations. Gabbro to granodiorite plutons exposed in three major ranges the Talamanca, Central, and Tilar an were emplaced from $17 to 3.5 Ma, but mainly during 7-10 Ma an apparent gap in volcanism, and were not the primary target of our sampling.
[7] Aside from the general location the major attraction of Costa Rica for the TAFI project was the ability to sample the paleomagnetic field across several million years of volcanic activity, ranging from Plio-Pleistocene to Holocene in age. We sampled 35 young volcanic sites, predominantly ignimbrites and andesitic lavas, from the Cordilleras Central, Tilar an, and Guanacaste, the underlying Canas, Liberia, and Bagaces formations and from Volcano Arenal. A minimum of 10 samples per site were collected with a portable gasoline powered drill. All were oriented with magnetic compass and sun compass whenever possible.
3.
40 Ar/ 39 Ar Dating and Sites Ages
Ar/ 39 Ar incremental heating experiments were performed at the UC Santa Barbara Argon Laboratory. Samples were crushed and sieved to 0.25-0.5 mm fraction and were then exposed to heavy duty ultrasonic treatment. Magnetic density separation and hand picking were performed to obtain pure groundmass. Unirradiated splits of most whole rock samples were first analyzed on the mass spectrometer to get a preliminary assessment of the age and expected radiogenic yields, and thus better plan the analytical strategy. More silicic units were first coarsely crushed and carefully hand picked to remove as much of the xenolithic contamination as possible.
[9] Depending on the age and potassium content, 20-400 mg of each sample was packaged for irradiation at the Oregon State research reactor. The samples were divided into a younger group (estimated <500 ka) that was given a 10 min irradiation and an older group that was irradiated for 40 min. All the samples were monitored using Taylor Creek Rhyolite sanidine (assigned age 27.92 Ma).
[10] Groundmass concentrates from mafic lavas tended to yield typical ''recoil'' type spectra, with old apparent ages in low temperature steps, but generally well defined plateaus for the gas released at 800-1000 C. Plagioclase from more silicic units generally gave fairly flat release spectra with well defined plateaus, except in cases with obvious xenocrystic contamination.
[11]
40 Ar/ 39 Ar incremental heating experiments were successful on 18 sites with ages ranging from 41 ka to 6.1 Ma (see Table 1 
Paleodirections
[12] We measured directions of the natural remanent magnetization (NRM) for all specimens using either a 2G or CTF cryogenic magnetometer housed in the magnetically shielded room at SIO. At least five specimens per site were magnetically cleaned either by stepwise alternating field (AF) using the Sapphire Instruments SI-4 uniaxial AF demagnetizer or by thermal demagnetization in SIO-built ovens. In general, thermal demagnetization was carried out until the maximum unblocking temperature was reached (< 5% of the NRM remaining). Examples of typical demagnetization behavior are shown in Figure 2 .
[13] A majority of specimens decay in a univectorial fashion to the origin (e.g., Figures 2a and 2b) . However, many thermal demagnetization experiments were carried out in conjunction with the IZZI-modified Thellier-Thellier paleointensity experiments [Tauxe and Staudigel, 2004; Yu et al., 2004] described in the following section. Most of the directions derived from the zero field Site names are referred to in this paper. Underlined sites were not included in Johnson et al. [2008] . Sites with subscript x are reinterpreted from the original collection and contain additional samples. Sites with y are reinterpreted with no additional samples. Alt. Names are referred to in their respective geochronology publications. Dec and Inc are mean site declination and inclination. nl/np is the number of best-fit lines and planes, respectively, nn is the combined number of best-fit lines and planes of all the specimens used in site calculations, (N) is the number of sites used for the average directions of All (reverse directions flipped to normal polarity), Normal and Reverse accepted sites. k w is an estimate of the Fisher ) show evidence of overprinting in the lab field direction (e.g., Figure 2e) . A small number of specimens subject to thermal demagnetization also appear to contain overprints of unknown origin. Some specimens exhibit a behavior termed ''gyroremanent magnetization'' (GRM) [Stephenson, 1993] , where specimens acquire a direction orthogonal to the last demagnetization axis during AF demagnetization. Specimens displaying GRM behavior were excluded from the site mean calculation.
[14] Principal component analysis [Kirschvink, 1980] was used to determine characteristic directions or best-fit planes for each specimen. Generally, univectorial decay was fit with a line while data affected by laboratory overprints like pTRM acquisition were fit by planes. The assumption is that the original characteristic direction is constrained to lie within the best-fit plane. Specimen lines and planes were deemed acceptable if they had at least four consecutive demagnetization steps and a maximum angle of deviation (MAD) 5 .
[15] Our inclusion of new paleodirectional measurements and reanalysis of the original paleomagnetic data from Johnson et al. [2008] clarifies the interpretation of two lava flows (cr414 and cr035), although it does not significantly alter the original results. We determined that site cr414 is in fact three separate lava flows (cr414l, cr414m, and cr414u). Field observations note that there is no clear continuous outcropping of site cr414, so samples were taken from three distinct sections (lower, middle, and upper). Mean directions from each section are distinct from each other according to a statistical bootstrap common mean test [Tauxe, 2010] . We separate cr414 into three distinct cooling units due to the uncertainty in field observations and the unique directions from each section. Sites cr414l and cr414u are included in our new site mean analysis, while cr414m did not meet our site level acceptance criteria (nn ! 5, k w ! 50). We also determined that the orientation information for samples in site cr035 was incorrectly transcribed from the field notebook during initial processing. Site cr035 now passes all selection criteria with correct orientation information. cr035 is the same lava flow as cr405 but we only use site cr405 in our site mean analysis, rather than combining cr035 and cr405, because demagnetized samples from cr405 (7/10) are predominantly univectoral and contain no overprints (compared to 1/11 for cr035). All other sites are essentially unchanged from the original publication of Johnson et al. [2008] . In total, the revised data set contains 28 acceptable paleodirectional sites from 35 sampled lavas. Five sites fail our site level criteria (cr414m, cr416, cr421, cr428, and cr431) and two sites were determined to be the same lava flow (cr422 and cr423) and combined.
[16] Two types of site level demagnetization behavior were observed (Figure 2 ). Type I sites (10 total) decayed linearly to the origin in both AF and thermal demagnetization experiments (e.g., Figures 2a and 2b) . Type II sites (20 total) were characterized by some specimens exhibiting laboratory overprints (e.g., Figures 2d and 2e) . Site means for Type I sites ( Figure 2c ) were calculated using Fisher statistics [Fisher, 1953] and the combined lines and planes method of McFadden et al.
[1988] was used for Type II sites (Figure 2f ).
[17] Figure 3 shows equal area plots of site mean directions ( Figure 3a ) and orthographic plots of site virtual geomagnetic poles (VGPs) (Figure 3b) . The average of all site mean directions are consistent with that expected from a geocentric axial dipole (GAD) field (yellow star) (see Table 1 ). Reverse polarity sites are antipodal to normal sites and the data pass Watson's V w test [Tauxe, 2010] .
[18] Cox [1969] routinely used the angular standard deviation of VGPs about the geographic pole as a measure of the paleosecular variability of the paleomagnetic field. Detailed age information for each VGP is not required provided the temporal sampling is adequate. The total scatter statistic S specified by Cox [1969] is modified to correct for the within-site directional scatter S w [McElhinny and McFadden, 1997] and the statistic S F is now commonly used.
where N is the total number of sites, D i is the angle between the ith VGP and the spin axis, S w is within-site scatter (defined as 81 = ffiffiffiffiffi k w p , where k w is the within-site Fisherian precision statistic), and nn i is the number of samples from the ith site.
[19] In Table 2 , we list S F for Costa Rica with no cutoff, a variable colatitude cutoff specified according to the normal secular variations criteria of Vandamme [1994] 
Paleointensity
[20] We used the IZZI-modified Thellier-Thellier experiment [Tauxe and Staudigel, 2004] to estimate paleointensity. All paleointensity experiments were performed in the magnetically shielded room at SIO using custom-built ovens. In the IZZI method, the specimens are heated in alternating zero-field and in-field temperature steps in order to detect inequalities in blocking and unblocking temperature which is characteristic of certain non-single domain populations.
[21] There is evidence to suggest that the intensity of the laboratory field in Thellier-Thellier paleointensity Lat is the average location latitude, N is number of sites used to calculate VGP scatter using no colatitudinal cutoff, S F , the iterative cutoff of Vandamme [1994] , S Fv , and a 45 cutoff, S F45 . The calculated colatitudinal cutoff for S Fv is 32.0 . ) is an ideally behaved specimen with a linear Arai plot encompassing the entire TRM, (b) cr427h1 (1.21 Â 10
À5
Am 2 ) appears to be multidomain, however we accept this specimen because the nonlinear behavior is most likely a result of alteration and occurs after meeting all specimen level criteria (see text), (c) cr406e1 (3.60 Â 10 À5 Am 2 ), multidomain-like specimen rejected because no linear component can be derived (see text), and (d) cr419j1 (1.81 Â 10 À6 Am 2 ) fails all pTRM checks and no intensity component can be derived.
experiments, and its derivatives, has no influence on the ability to recover the ancient magnetic field strength [e.g., Morales et al., 2006] . Other studies observe that the success of the IZZI-modified method is dependent on the strength and direction of the applied lab field relative to the ancient NRM of the specimen [Yu et al., 2004; Shaar et al., 2011] . Empirical experiments by Shaar et al. [2011] suggest that the best overall performance of the IZZI method for recovering the ancient field, regardless of applied field angle, is when the laboratory field strength is equal to or less than the ancient field strength. In our IZZI experiments, the NRM directions of our specimen cores are randomly oriented in the oven; therefore, we applied lab fields of 30 and 40 T in an attempt to approximate the expected ancient field strength. All experiments were carried out to 600 C or until at least 95% of the NRM was demagnetized.
[22] Figure 4 shows examples of Arai plots [Nagata et al., 1963] from representative IZZI experiments. Insets are Zijderveld diagrams [Zijderveld, 1967] plotting the behavior of the remanence (zero-field steps). We only accept ideally behaved specimens (Figure 4a ) that plot as straight lines in the Arai plots, with no evidence of alteration (pTRM checks plot on top of initial pTRM measurements) or multicomponent behavior in the Zijderveld diagrams. We exclude specimens that exhibit concave-up Arai plots (Figure 4c ) and specimens that acquired a remanence parallel to the laboratory field which is not demagnetized by later heating steps (Figure 4d ).
[23] We screen out specimens that exhibit alteration or contain multicomponent remanences, by using the following strategy (see Table 3 for criteria definitions) : (1) Each specimen must have a relatively linear component of magnetization representing a majority of the TRM applied to the specimen (f vds ! 0.7) with a MAD 5; (2) no data can be used at temperature steps greater than a failed pTRM check as defined by a DRAT of 20%; (3) the temperature range of the interpreted intensity component must be related to the characteristic remanent magnetization of the specimen (DANG 10 ) ; and (4) no temperature step may be used where the pTRM gained is lower than the gain of the previous temperature step.
[24] At the site level, we require at least two intensity estimates per site, nn B ! 2, and evaluate the percent standard deviation of the mean intensity, which is d B ¼ 100Â B/ B. We use a d B cutoff of 15% in order to ensure that large outliers do not adversely effect the final paleointensity estimation.
[25] Despite our reluctance to include specimens that display concave-up Arai plots, we made an exception for specimen cr427h1 (Figure 4b ) where we determined that the observed behavior was not likely multidomain. The linear segment of the Arai plot passes all specimen level criteria (1-4) and the concave-up portion occurs after a failed pTRM check, indicating that high temperature alteration is a plausible cause of this behavior. It can be assumed that if alteration did not occur then the slope of the intensity component would remain linear through the remainder of the IZZI experiment. If our interpretation is incorrect and the observed behavior in this specimen is not caused by alteration, then the low-temperature components we selected would likely overestimate the ancient magnetic field strength.
[26] Two of our 34 sampled lava flows meet all the above criteria, cr418 and cr427 (see Table 3 ). The two sites have an average paleointensity of ), but are well within the range of published paleointensity results from similar latitudes (as compiled in the PINT10.12 database [Biggin et al., 2010] ) and within one standard deviation (15 ZAm 2 ) of the 0-2 Ma average paleomagnetic axial dipole moment of 53 ZAm 2 found from a comprehensive analysis by Ziegler et al. [2011] .
Conclusions
[27] We present here a comprehensive report on our paleomagnetic study of Plio-Pleistocene lavas from Costa Rica. Preliminary results from this study were published by Johnson et al. [2008] ) are within range of paleointensity estimates from similar latitudes. This study contributes to the body of TAFI publications and is a valuable contribution to the paleomagnetic database because of the addition of low-latitude directional and intensity sites.
[28] The full data set including measurements, interpretations, site mean directions, VGPs, and VADMs will be made public in the MagIC database. To access these data, go to http://earthref.org/MAGIC.
